The objective of this research was to develop a decision-support system to help road safety policy makers make the right choices in road safety planning based on the efficiency of previously implemented safety measures. The measures considered for each region in the study include performance indicators about police operations, treated black spots, freeway and highway facility supplies, speed control cameras, emergency medical services and road lighting projects. To this end, an inefficiency measure is calculated, defined by the proportion of fatality rates in relation to the combined measure of road safety performance indicators, which should be minimised. The relative inefficiency for each region is modelled using the data envelopment analysis (DEA) technique, which follows a benchmarking and target-setting process. In the next step, a fuzzy decision-making system is constructed to convert the information obtained from the DEA into a rule-based system that can be used by policy makers to evaluate the expected outcomes of certain alternative investment strategies in road safety. Using the resultant fuzzy decisionsupport system, policy makers can analyse alternative strategies in addition to those unique targets suggested by the DEA benchmarking and target-setting process.
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Introduction
Future investments in road safety should benefit from an effectiveness evaluation regarding the safety outcomes realised. Recent studies have tried to use composite indicators to discuss the efficiency concept of road safety measures by quantitative analysis methods such as data envelopment analysis (DEA). These studies could have obtained brilliant results, especially using benchmarking and target-setting approaches. However, the results are restricted to a single strategy for each decision making unit (DMU). Thus, if a road safety agency cannot fully afford the inflexible targets dictated by the DEA model, no further alternatives can be examined for the same unit. Enabling road safety policy makers to examine flexible alternatives is the main contribution of the current study and one that adds value to the initial strategies resulting from DEA.
The objective of this study was therefore to develop a decisionsupport system (DSS) that brings together information from previously implemented road safety measures applied by different road safety agencies in order to predict the outcome of multiple decisions that can be made by road safety policy makers. Using a DSS, policy makers can analyse alternative strategies to those unique targets suggested by the DEA benchmarking and target-setting process. Here, a fuzzy decisionsupport system (FDSS) is introduced that can best simulate the decision-making process and predict decision outcomes on the basis of fuzzy rules that are pulled out from a set of previously experienced outcomes. The system serves the purpose of supporting future road safety decisions based on information on the efficiency of different types of measures taken previously. More specifically, this efficiency, expressed as an index, is calculated based on historical information from previously implemented measures across different regions in Iran. In a report prepared by the Road Safety Commission in Iran (RSCI), a full set of indicators in all road safety-related sectors was suggested as a guideline in collecting important safety-related data (RSCI, 2007) . The identified indicators are all linked to road safety measures that contribute to achieving sustainable road safety. Based on the indicators suggested in the RSCI report, but taking into account a number of relevant quality criteria (see Section 2), a subset of indicators was selected for this study. Conventional statistical approaches are usually applied to model the frequency of road accidents or fatalities. Since this work deals with inefficiency outcomes, not with crash or fatality outcomes, a conventional statistical approach may not help in establishing a decision-making model to predict the inefficiency outcomes. Therefore, in this case, a reasoning approach can best help in simulating the real world. It should be noted that, depending on the existing situation of a given region, the model will either encourage decision makers to invest more in road safety measures or show the boundaries where efficient investments in road safety measures can be taken. Two main techniques will be applied. Having calculated the fatality rates in each region, the inefficiency is measured by DEA. After this, the planning task can be fulfilled through a fuzzy decision-making system involving a reasoning procedure.
Reviews on three decades of practice in DEA applications have created a mature perspective on methodology developments in a variety of industrial and managerial activities (Cook and Seiford, 2009; Emrouznejad et al., 2008) . Due to its strong analytical capabilities, DEA has recently received increasing attention in the road safety literature as a tool for performance evaluation. For example, Hermans et al. (2009) presented a DEA model in which safety outcomes (crash and fatality risk) were combined with a set of safety performance indicators related to alcohol and drugs, speed, protective systems, trauma management, infrastructure and vehicles in 21 European countries. Their study introduced an upfront and advantageous methodology in prioritising road safety measures in a set of regions by benchmarking approaches, and the exact efficient targets can be estimated as well. The only limitation of this study is the lack of flexibility for checking the outcomes of other alternatives for a given DMU where the strategy recommended by the DEA process is not affordable -this is the issue addressed in the current research. Shen et al. (2011) used a multiple-layer DEA approach to model the hierarchical structure of safety indicators to give a more detailed insight into the layered architecture of road safety indicators. The methodology permitted the DEA to use a wider range of indicators for a given set of regions so that a more balanced model could be obtained and fewer units were identified as efficient. In subsequent work, Shen et al. (2012) used the DEA approach as a means to evaluate road safety risk and benchmark European countries in order to set practical targets for road safety improvements.
The other technique applied in this study as a decision-making tool is the fuzzy reasoning approach. Fuzzy reasoning methods enable the creation of prediction models that could not easily be made by conventional statistical models such as regression models. Recent works have shown some promising results in utilising fuzzy decision-making approaches in road safety planning. Cafiso et al. (2004) presented a fuzzy model to classify roadway elements with respect to their actual variation in accident rates with the aim of obtaining a more careful evaluation of highway design inconsistencies. Shi (2009) developed an evaluation index system for city traffic safety development that included safety policy for road traffic, the circumstance of road traffic safety, management of road traffic safety and control levels for road traffic accidents. Ma et al. (2009) selected preliminary indicators for road safety evaluation by integrating fuzzy characteristics of road traffic safety in China. Shen et al. (2010) presented a hybrid system of neural networks and rough sets for road safety performance indicators (RSPIs). The evaluation results imply the feasibility of this intelligent DSS and valuable predictive power for the road safety indicators context. In a similar work, Bao et al. (2012) proposed an improved hierarchical fuzzy Topsis (technique for order of preference by similarity to ideal solution) model to combine a set of multi-layered RSPIs into a composite index by incorporating expert knowledge.
Road safety performance indicators
In general, an RSPI is defined as any measure that is causally related to accidents or injuries, and is typically used in addition to a count of accidents or injuries in order to indicate safety performance or understand the process that leads to accidents (ETSC, 2001 These two types of risk refer to all types of roads in a region as well as the mobility demand, which includes the total vkm travelled.
Concepts and methods

3.1
Conceptual model The objective of this study was to create a DSS that enables the user to monitor historic performance, analyse the existing status and forecast the outcome of future policy decisions to maximise the efficiency of future road safety measures. The term 'efficiency' in this study reflects the revenue for implementing a set of road safety measures. The revenue rate is defined as the 'safety' value divided by the magnitude of road safety measures. As already noted, the main objective is to make a tool to maximise efficiency. However, the 'safety' value cannot be directly quantified, hence the inverse value (counted by fatality risk measures) is used and the resulting proportion is called the 'inefficiency' measure, which must be minimised. To this end, a two-stage process is undertaken.
In the first step, a DEA for each region is carried out on the basis of 2 years of input and output indicator data. The result of this step includes estimating a relative inefficiency index that must be minimised for each DMU per 2 years. Then, the units that perform well are identified as benchmarks by which the optimised target values are estimated for underperforming units.
In the second step, from the individual efficiency information per region obtained in the first step, a set of fuzzy decision rules that hold for the entire set of regions is derived. In other words, a set of generalised decision rules is derived to represent 'best practices' that can be adopted by all regions. In this way, in the process of road safety planning, each individual region can take advantage of the collective knowledge base of efficiency information for all policy measures from all regions to formulate rapidly and more consciously which combination of Transport A fuzzy decision-support system in road safety planning Behnood, Ayati, Brijs, Neghab and Shen efforts in road safety measures maximises road safety performance given its current road safety situation.
This conceptual model is illustrated in Figure 1 and contains three major parts: (a) DEA-based road safety performance evaluation, (b) the creation of the fuzzy decision-making system and (c) the formulation of new targets for a region based on its current road safety situation and what-if analyses carried out on the rule-based system. The whole analysis process stands on these three main steps and the output of each is applied as the input of the next step. In a little more detail, the three steps are as follows.
(a) A DEA-based road safety performance efficiency evaluation for each region. In this study, 30 different regions (DMUs) in Iran were considered. For each region, 2 years of input and output data were available for a predefined set of road safety indicators. (b) The generation of a set of decision rules derived from the efficiency calculation for each DMU carried out in the previous step. More specifically, a fuzzy reasoning approach is adopted to derive the decision rules, identify the degrees of satisfaction, interpret the fuzzy results and finally convert them back into numerical crisp outputs.
(c) The final step involves defining the policies, strategies and programmes, adjusting the data with the necessary information and finally forecasting the outcomes following each decision.
The following sections now describe each step in more detail.
Data envelopment analysis
In the first step, using the DEA method, a relative inefficiency index is calculated for each province in each year. The inefficiency index is the one that is achieved according to the preexperienced measures implemented throughout the provinces in Iran. Each province in each year is defined as a DMU in the DEA. The inefficiency index is defined as the proportion of the weighted sum of outputs (fatality risks) to the weighted sum of inputs (performance indicators), given by
As already mentioned, the inputs to the DEA are defined as a set of road safety measures for the different provinces in Iran for 2 years; these represent the RSPIs. As for the output of the A fuzzy decision-support system in road safety planning Behnood, Ayati, Brijs, Neghab and Shen DEA, two risk indicators are included -the number of fatalities per million vkm travelled and the number of fatalities per 100 km of road. As noted earlier, these two types of risk refer to all types of road in a region as well as the traffic demand, which includes the total number of vkm travelled. Technically, the DEA model can be written as the following linear optimisation model.
2:
u r y r Subject to 3:
The variable y r in Equation 2 represents the outputs (i.e. fatality risk). Equation 2 shows the objective function (i.e. the inefficiency rate θ to be minimised). The model implies that the inefficiency lies at a minimum rate of 1. As a result, the weighted outputs will always be greater than or equal to the weighted inputs, as displayed in Equation 4. Using the dual model for this linear programming model, a target-setting exercise can be carried out using the extracted dual prices from this model. In fact, the dual model can be written as follows.
5:
Max ω 0 Subject to 6:
y rj λ j y r ðr ¼ 1; 2Þ
7:
In these equations ω 0 is the objective value to be maximised in the dual model. The decision variable λ j represents the dual price for the jth DMU under study so that the values λ j ≠ 0 reveal the applicable dual prices for benchmark units. Finally, the target actions with the corresponding values for the different RSPIs in inefficient provinces can be calculated as (see Hermans et al., 2009) 8:
Provided that the target is achieved, the inefficiency rate can be minimised as far as it equals 1. Having identified the targets, the required changes in input values are determined.
3.3
Fuzzy decision-making The second step in Figure 1 establishes the rules and incorporates fuzzy hypotheses based on the fuzzy variables through which the degree of satisfaction (DoS) for the rules adopted from experienced performances can be calculated. Each fuzzy rule includes a premise (the phrase after 'If') and a conclusion (the phrase after 'Then').
Here, seven explanatory levels are introduced to state linguistically the performance characteristics as well as the inefficiency values: very low, low, almost low, medium, almost high, high and very high. The structure of the membership functions is a primary issue of concern. In this study, trapezoidal membership functions are adopted by a k-means data clustering technique to classify these seven linguistic levels. The typical fuzzification method used in this study is discussed in the next section.
The fuzzy rules are established by explaining the efficiency level as a consequence of safety measures implemented in each province. The efficiency level inherently encompasses and reflects the safety level. The linguistic values of inputs (road safety measures) constitute the premise (phrases after 'If') while the linguistic values of the inefficiency rate form the consequence (phrases after 'Then') of the fuzzy rules.
Hence, each fuzzy rule as a hypothesis H i is defined in a seven-dimensional set of u 1 Â u 2 Â…Â u 6 Â V in which u 1 ,…,u 6 are the reference sets for the premises and V is the one for conclusions. The variable set R(u, v) is a compound set of the premises and conclusions whose members are calculated by the fuzzy values μÃðuÞ and μBðvÞ using the following equation.
9:
Rðu 1 ; . . . ; u 6 ; V Þ ¼ μÃ
Since each of the reference sets u 1 ,…,u 6 and V includes seven verbal values, there will be 7 7 (823 543) hypotheses included in 5 Transport A fuzzy decision-support system in road safety planning Behnood, Ayati, Brijs, Neghab and Shen the master set R, known as the fuzzy rule block. By combining the values of each hypothesis in a set of training units (a total of 120 units in this study -60 main DEA units (DMUs) plus 60 targeted units attributed to the main DEA units by the benchmarking and target-setting process), the DoS for each of the rules in the rule block can be calculated. In other words, the DoS for each rule in the rule block can be estimated by calculating the mathematical average of all samples, as given by 10:
Indeed, the sum of all DoS values for all rules will equal 1·0, meaning that
11:
X 823 543
Finally, once the rule block is established, it is completed by the fuzzy hypothesis test having calculated the DoS for each fuzzy rule.
The fuzzy reasoning process can be constructed on the basis of a fuzzy logical inference system. The rule block, known as the rule base in an FDSS, represents a distinct knowledge base for a given set of training samples. In this study, the fuzzy reasoning process consists of Iranian provinces' experiences over 2 years. The applied direct methodology to fulfil the fuzzy reasoning process with the rules incorporating six inputs and one output can be expressed as
in which, for i = 1, 2, …, 6, x 1 is police operations, x 2 is treated black spots, x 3 is the amount of freeways and highways, x 4 is speed cameras, x 5 is emergency medical services stations, x 6 is road lighting projects and y is the inefficiency value.
The term A i involves the fuzzy sets that state the verbal characteristics of the above six variables by means of fuzzy membership functions. Fuzzy reasoning by the direct method to determine the inefficiency value considering the training knowledge base can then proceed as follows. in which the phrase μ ð jÞ B ðβÞ reflects the concluded fuzzy value of rule j and parameter k is the total number of rules in the rule block.
Having determined the final result, μ B (β), the reasoning process is completed. But it is still necessary to convert the fuzzy value of the result back to a numerical crisp form. The conversion action known as 'defuzzification' is usually performed by the centroid method (Azar and Faraji, 2008; Harris, 2006; Ross, 2004) . The result of the defuzzification task is a numerical distinct inefficiency value in the same nature of the relative inefficiency values earned by the DEA process.
3.4
Forecasting the outcomes The above-mentioned stages form an FDSS that can be used to improve the applied decision making in planning road safety measures. This application enables road safety planners to define a variety of strategies, considering the inventories and limitations attributed by the road safety measures in each region of the country, and finally to depict a perspective of their efficiency. Then, calculating the inefficiency values corresponding to the defined strategies of the limited resources, it is possible to select the best alternative with the lowest inefficiency.
Results and discussion
This study covered road safety performance data and fatality risk indices available in all provinces of Iran (30 provinces) for a period of 2 years (2010 and 2011) . All data regarding the RSPIs (i.e. the indices referring to the countermeasures) were taken from annual reports published by the Road Maintenance and Transportation Organization of Iran (RMTO, 2010 (RMTO, , 2011 . Data representing fatality rates were taken from the Road Safety Commission of the Ministry of Road and Transportation (RSC, 2010 (RSC, , 2011 .
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DEA results
Once the DEA process and target setting was carried out for all units under study, an inefficiency value larger than or equal to 1 was obtained for each province. Inefficient entities will obtain a higher inefficiency score due to their worse performance. Table 1 shows the DEA input and output values. The values of the RSPIs (DEA inputs) for the two years of the study are given. These indicators include measures related to police operations, removed black spots, highways and freeways, speed control cameras, emergency medical services and lighting facilities; the definition of each indicator is given in Section 2. Columns FR1 and FR2 show the values of the risk indices (DEA outputs): FR1 represents the fatality rate per vkm driven while FR2 refers to the fatality rate per 100 km of road in each province. The column labelled 'Ineff' shows the calculated inefficiency value for each province as given by the DEA. Finally, the last six columns of Table 1 show the target values provided by the DEA model for each of the performance indicators.
4.2
Data fuzzification In this step, the inefficiency values calculated by the DEA process are entered as the conclusions or output variables of the rule block in the fuzzy reasoning stage. Beforehand, all data containing RSPIs as the inputs and inefficiency rates as the outputs of the rule block should be converted to the verbal variables which define the fuzzy membership functions.
The membership functions that build up the explanatory composition of the data are made up of trapezoidal functions. A k-means clustering (k = 7) was carried out such that the seven mean values were precisely identified for each input or output variable. Then, distances of data from the attributed cluster centres were recorded so as to be reclassified into two groups consisting of near data and far data from cluster centres. In this way, near data are located on the upper side of the trapezoidal and far data on the sloped legs. The results are shown in Table 2 . Figure 2 shows the trapezoidal or triangular membership functions of the variables used in the fuzzy analysis.
4.3
Rule block and FDSS It was previously shown that the combination of all possible fuzzy categories for the seven variables (six antecedents + one consequent) results in a rule block of 823 543 rules (7 7 ). For each of these rules in the rule block, the DoS needs to be established based on the data from 30 provinces over 2 years as well as the optimal targets attributed. The DoS value for each rule is calculated by averaging the product of fuzzy membership values of input and output measures (see Equations 10 and 11). For example, DMU 60 (Yazd in year 2011) gives PO as 100% low (L), BS as 100% very low (VL), H&F as 61% low (L), SCC as 61% low (L), EMS as 100% very low (VL), Li as 57% low (L) and Ineff as 100% very low (VL). Therefore the 
supported by DMU 60 is calculated as 1 Â 1 Â 0·61 Â 0·61 Â 1 Â 0·57 Â 1, which equals 0·212. Such a calculation for the same rule in other units will result in an individual DoS value and the total DoS is calculated by averaging them.
Note that only a part of the rules with a relatively higher DoS value will represent the dominant condition throughout 120 units so that they can be accepted as effective rules. Recall that the targeted units obtained by the benchmarking process show the exact outcomes; in total 120 units can be applied that consist of 60 main DEA units (30 provinces in 2 years) plus 60 targeted units attributed to those 60 main DEA units.
Among all the rules considered in the rule block, many have very small DoS values close to zero. Therefore, in order to simplify the analysis, the rule block can be modified by neglecting the rules with very small DoS values. A part of the modified rule block with 285 effective rules is shown in Table 3 . The rules with a DoS of 0·001 or higher were retained and inserted in the modified rule block. The fuzzy reasoning procedure is the last stage in running the fuzzy decision-making system.
4.4
Discussion A critical use of the FDSS made up of the established fuzzy reasoning system is the numerical analysis of decision-making using numerical inputs (RSPIs) that are followed by numerical outputs (inefficiency indices). By doing so, one can analyse all six input indices against the inefficiency index at the same time.
An example of the analysis can best illustrate the decisionmaking process. To this end, a region is assumed to have a relatively high rate of freeway facilities but with low rates of various managerial road safety measures such as speed cameras and lighting equipment. Therefore, suppose PO = 0·26, BS = 0·97, H&F = 68·11, SCC = 1·06, EMS = 1·50 and Li = 1·54. An inefficiency rate can now be estimated based on the developed fuzzy reasoning system both for the current situation and for alternative scenarios (i.e. other combinations of safety performance indicator values that are considered as feasible to achieve by policy makers based on available investment budgets). Table 4 shows four alternative strategies defined by a road agency based on the available investment budget. Table 5 illustrates the fuzzy reasoning and defuzzification process for the measures defined in the existing situation (i.e. 'do nothing' strategy) that is described in the first row of Table 4 . The same process can be done for the other three strategies so that a distinct numerical value of inefficiency can be calculated for each of them. By defining the rule block (Table 3) in a software application, the inefficiency rates were easily estimated as 1·1453, 1·0260, 1·2600 and 1·5578 for strategies 0 to 3 respectively. As the final decision point, due to its lowest inefficiency rate, strategy 1 can be selected as the best feasible alternative. This strategy implies mere concentration on road lighting facilities.
In order to determine the authenticity of the results, the estimated fuzzy system-based results can be compared with the actual DEA-based inefficiency rates through a correlation analysis. Table 6 shows both actual and predicted values of the inefficiency rates for the 60 DMUs and Figure 3 illustrates how close the results are. This comparison analysis resulted in a correlation factor (R 2 ) of 94%, which shows a high acceptability of the fuzzy system created by seven qualitative terms in trapezoidal membership functions for each input and output value.
Advantages and limitations
The DSS developed in this study could help road safety decision makers determine the outcome of decisions to be 
Transport A fuzzy decision-support system in road safety planning Behnood, Ayati, Brijs, Neghab and Shen made for alternative road safety measures. The results are stated in term of inefficiency rates with the same essence of DEA inefficiency results, while no repeated DEA needs to be carried out for planning purposes. Moreover, the DSS provides flexibility in selecting strategies that are applicable within limited resources in the sense that an alternative strategy can be quested if the priorities given by the benchmarking process are not applicable in a distinct period. The fuzzy reasoning method allows the creation of models that could not easily be made by conventional statistical models.
The seven-term trapezoidal fuzzy membership function provided in this study resulted in precise responses that correlated well with the main DEA results. To build up a more comprehensive model would require a larger amount of data that best satisfies the rules in the rule block. In doing so, a more reliable Transport A fuzzy decision-support system in road safety planning Behnood, Ayati, Brijs, Neghab and Shen model would be achieved that could predict the outcomes for any given composition of RSPIs. A 2-year database can be used to establish the desired DSS but does not allow the responses for all possible decisions to be found since some may not be supported by the effective rules in the rule block. Furthermore, the approach discussed here can be used for 
2. About 80% increase in black spot treatments and more than 90% increase in lighting facilities
3. Increase in all safety measures except freeway facilities
Numbers in parentheses show the value of membership functions short-term decision-making procedures but an extension to the research may allow anticipation of results much further into the future, say 10 years. Such a planning pattern needs an approach powered by hierarchical or stage-based analytical methods such as dynamic programming. Indeed, further research in this area would strongly benefit efficient targetbased planning for road safety improvements.
Conclusions
This research aimed to create a DSS through which users can monitor previous performance, analyse the existing status and forecast the decisions made to improve system efficiency. The system is designed as a means for planning purposes and for supporting prospective road safety decisions after inefficiency indices have been calculated. Here, the inefficiency index was obtained according to pre-experienced measures implemented throughout the provinces in Iran. The conceptual model contains three major parts: (a) road safety performance evaluation based on DEA, (b) the creation of a fuzzy decision-making system and (c) the formulation of new targets for a region based on its current road safety situation and what-if analyses carried out on the rule-based system.
In this study, 30 different regions in Iran were considered. For each region, 2 years of input and output data were available for a predefined set of road safety indicators. In the first step, a relative inefficiency index was calculated for each province for each year using the DEA method. Each province in each year was defined as a DMU in the DEA. The inefficiency index was defined as the proportion of the weighted sum of outputs (fatality risks) to the weighted sum of inputs (performance indicators). Using the dual model for the road safety DEA model, a target-setting exercise was carried out using the (7 7 ). For each of these rules in the rule block, the DoS was established based on the data from 30 provinces in two years as well as the optimal targets attributed. The fuzzy reasoning process was then carried out for alternative strategies so that a distinct numerical value of inefficiency could be calculated for each strategy. As the final decision point, the strategy with the lowest inefficiency rate can be selected as the best feasible alternative. In order to verify the accuracy of the results, the estimated results from the fuzzy system were compared with the actual DEA-based inefficiency rates through a correlation analysis. The comparison revealed a correlation factor (R 2 ) of 94%, which indicates high acceptability of the fuzzy system created by seven qualitative terms in trapezoidal membership functions for each input and output value.
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